Prostate cancer remains the most frequently diagnosed cancer in men in North America, and despite recent advances in treatment patients with metastatic disease continue to have poor fiveyear survival rates. Recent studies in prostate cancer have revealed the critical role of the tumor microenvironment in the initiation and progression to advanced disease . Experimental data has uncovered a reciprocal relationship between the cells in the microenvironment and malignant tumor cells in which early changes in normal tissue microenvironment can promote tumorigenesis and in turn tumor cells can promote further pro-tumor changes in the microenvironment. In the tumor microenvironment, the presence of persistent immune infiltrates contributes to the recruitment and reprogramming of other non-immune stromal cells including cancer-associated fibroblasts and a unique recently identified population of metastasis-initiating cells (MICs). These MICs, which can also be found as part of the circulating tumor cell (CTC) population in PC patients, promote cancer cell transformation, enhance metastatic potential and confer therapeutic resistance. MICs act can on other cells within the tumor microenvironment in part by secreting exosomes that reprogram adjacent stromal cells to create a more favorable tumor microenvironment to support continued cancer growth and progression. We review here the current data on the intricate relationship between inflammation, reactive stroma, tumor cells and disease progression in prostate cancer.
In both Europe and the United States, prostate cancer remains the most commonly diagnosed non-cutaneous malignancy in men and the second most common cause of cancer death worldwide. [1, 2] Numerous studies of prostate cancer histology have led to the recognition that the tumor microenvironment composed of both immune and non-immune cell types plays a large role in the pathogenesis and progression of prostate cancer. [3, 4] The details of the initiating events in prostate cancer remain elusive, but involve a series of cell intrinsic changes in combination with distinct changes in the microenvironment that parallel the progression to malignancy and the subsequent development of metastatic disease.
The tumor microenvironment consists of an interconnected network of stromal fibroblasts, immune cells, blood vessels, mesenchymal stem cells (MSCs) and fat cells, neural cells and secreted soluble and insoluble factors such as chemokines, cytokines and extracellular matrices (ECMs). As tumors develop, the microenvironment undergoes complex changes as a result of interactions between cancer cells and the aforementioned cells in the tumor microenvironment. Critical steps in the development of cancer are regulated by the reciprocal interactions between tumor cells and its microenvironment. The consequence of such interactions can be profound, driving altered tumor cell survival, proliferation and angiogenesis, resistance to therapy, evasion of immune surveillance and increased metastatic spread. In this review, we discuss the role of the different elements of the prostate tumor microenvironment and how they interact to promote the development, progression and metastatic potential of prostate cancer.
Tumor-stroma microenvironment in prostate cancer
Reciprocal tumor-stroma interactions have been observed and well-appreciated in many forms of solid cancers including prostate cancer. The changes that occur in the stroma adjacent to tumors, called a desmoplastic response or "reactive stroma," leads to aberrant growth and morphologic transformation of the stromal and connective tissues surrounding a tumor. This desmoplastic response contributes to the transition of stromal fibroblasts to myofibroblasts with a concomitant increase in the accumulation and remodeling of the tissue ECMs. This remodeling process leads to the production and elaboration of previously tissuebound critical soluble factors and insoluble matrices akin to the repair response in injured tissue. Release of these molecules sends a danger signal to the immune system leading to the recruitment of infiltrating inflammatory cells. This inflammatory response normally culminates in the regeneration of injured tissue by promoting local angiogenesis and tissue regeneration. However, in the case of cancer a "vicious cycle" involving cross-talk between tumor cells and their adjacent microenvironment generates a persistent inflammatory responses akin to a "wound that does not heal". [5] Cancer-Associated Fibroblasts (CAFs)
In prostate cancer, the reactive stroma consists largely of carcinoma-associated fibroblasts (CAFs), also known as myofibroblasts. Stromal changes occur as an early phenomenon in prostate carcinogenesis. CAFs have been observed in premalignant prostatic intraepithelial neoplasia (PIN) and their numbers increase as tumors progress to higher-grade disease. [6, 7] The origin of CAFs remains unclear, but multiple groups have identified different cells of origin including existing stromal fibroblasts, circulating marrow-derived progenitors (MSC), vascular pericytes or other as yet unidentified tissue-resident progenitor cells. [8, 9] Regardless of their origin, CAFs appear to be structurally and functionally distinct from normal tissue fibroblasts. [10, 11] Soluble factors and insoluble ECMs secreted by CAFs [12] and their associated cancer cells [13, 14] have been experimentally implicated in promoting the transformation of morphologically "normal" but genotypically "altered" prostate epithelial cells to cancer. CAFs enhance the proliferation and invasiveness of prostate cancer cells [15] and encourage the acquisition of therapeutic resistance and immune evasiveness of prostate tumors. [16] Co-opted from their original repair function, CAFs support tumorigenesis and subsequent tumor growth through several mechanisms including accelerated ECM deposition and turn-over. This increased ECM recycling releases previously tissue-bound molecules and leads to production of new growth, survival and angiogenic factors including growth/differentiation factor 15 (GDF15) [17] and cytokines such as transforming growth factor beta (TGF-β) [18] .
In addition to the effects on the ECM, stromal cells in the prostate tumor microenvironment, a large proportion of which are CAFs, interact with cancer cells through a number of other non-ECM mediated pathways including direct contact, secretion of soluble factors and extracellular vesicles (EVs) of varying sizes. [19] EVs released in the tumor microenvironment act as transporters and are loaded with cellular DNA, RNA and protein.
Recent data has demonstrated that transfer of small non-coding RNAs called microRNAs (miRNAs) through EVs from the CAFs into the adjacent epithelia results in explosive tumor growth in several preclinical mouse models of prostate cancer. [20, 21] This transfer of miRNAs promotes epithelial to mesenchymal transition (EMT) of cancer cells, a process that drives increased cell migration, invasion, and ultimately metastasis to bone and soft tissues. [20, 21] More specifically, studies of miRNA members miR-409, miR-379 and miR-154*, located within the delta-like 1 homolog-deiodinase, iodothyronine 3 (DLK1-DIO3) imprinted region located on human chromosome 14, revealed that these miRNAs had tumor-inductive effects in vitro and in prostate cancer xenograft models. DLK1-DIO3 miRNAs have been shown to be essential for embryogenesis and induced pluripotent stem cell formation, and in the setting of prostate cancer appear to be "hijacked" to promote tumorigenesis and metastasis through enhanced tumor-stroma interactions. Cancer cells are susceptible to activation by surrounding cells and factors in the tumor microenvironment leading tumor cells to undergo EMT in the process turning on embryonic neuroendocrine or "stem cell" programs. This process activates pathways that lead to enhanced growth, survival, metastasis and therapeutic resistance of cancer cells. We demonstrated recently that the DLK1-DIO3 cluster miRNAs derived from EVs of CAFs promote EMT and increased stem cell like properties in adjacent epithelial cells in vitro and in vivo. [22] Through their effects on the ECM and regulation of tumor cell function via EV, CAFs can support the development and progression of prostate cancer though key questions remain about the factors that regulate the reactive stroma and how it interacts with tumor cells. In particular, emerging evidence examining the relationship between the stroma and tumor cells at different stages of disease has revealed the heterogeneity of CAFs and their effects on tumor progression can vary widely with the presence of CAFs at different stages leading to enhanced, unchanged or even impeded tumor progression.
CAFs contribution to tumor progression: one size does not fit all
CAFs have been shown inhibit or stimulate tumor growth depending upon the stage, grade, hormonal and differentiation status of a tumor. [23] Experimental models of many solid tumors, including prostate cancer, have shown that CAFs could contribute either positively or negatively to tumor growth. At the molecular level, the complex interaction between CAFs and prostate cancer is mediated in part by androgen receptor (AR), a master regulator of prostate cancer growth and differentiation. Like CAFs, in different settings the presence of AR has been shown to either an increase or inhibit prostate cancer growth. [24] Although there is no unified explanation for the diverse actions of AR in prostate growth, genomic and non-genomic programming of CAFs by AR in the tumor microenvironment offers a clue. For example, AR function in prostate myofibroblasts was shown to be intimately regulated by a AR co-regulator, hydrogen peroxide-inducible gene 5 (Hic-5), that exerts genomic and non-genomic programming of AR target genes in CAFs via increased phosphorylation of focal adhesion kinase (FAK). Altered AR target genes in CAFs could affect AR-mediated regulation of the growth, cell adhesion, motility and invasion of prostate cancer cells. In the Hic-5 model, Hic-5 acts in concert with AR and FAK to amplify or inhibit regulation of approximately 50% of the AR target genes in CAFs and coordinates AR signaling via stromal-tumor cell adhesion and ECM production to regulate prostate cancer cell behavior in the tumor microenvironment. In addition to the effect of CAFs on prostate cancer cells, changes in CAFs also have complex effects on the other cells in the tumor microenvironment, particularly the immune cells.
Interactions between inflammation and the reactive stroma
As discussed above, experimental and pathologic data have all supported the notion that CAFs can influence the development and progression of cancer. However, CAFs do not exist in isolation and increasing evidence indicates that inflammation likely in part through the influence of the immune system on fibroblast programming can also drive carcinogenesis. Inflammation typically refers to the immune cells involved in the clearance of a foreign antigen, though a multitude of other stromal cells participate in an inflammatory response. In particular, once the initial immune response has subsided other stromal cells including vascular endothelial cells, pericytes and smooth muscle cells as well as stromal fibroblasts are activated to restore tissue homeostasis. These two cancer-promoting processes, inflammation and stromal activation, often co-exist and evolve with the development of a tumor. They regulate each other through a complex web of interactions involving the stromal, inflammatory and tumor cells themselves. As in most ongoing pathology, the different components of the microenvironment form a self-reinforcing network that allows tumor cells to achieve states with increased growth, invasion and resistance to therapeutic perturbation.
Multiple groups have drawn parallels between wound repair and cancer likening cancer to an unresolved, chronic inflammatory response. [25, 26] Using this as a paradigm, we can explore the connection between inflammation development of a reactive stroma and the pathogenesis of prostate cancer. All de novo inflammatory responses begin with recognition of non-self antigens, either foreign antigens such as microorganisms or altered self as in the case of damaged or infected cells. [27] In prostate cancer, as prostate epithelial cells progress from PIN to high-grade disease, they accumulate increasing numbers of mutations that can lead to immune recognition. [28] In particular, early recognition by innate immune cells such as dendritic cells and macrophages likely serves as one of the starting points of cancerassociated inflammation. Innate cells, in particular macrophages, are critical for shaping the immune response and for establishing an immunosuppressive pro-tumor microenvironment. [29] Macrophages have a complex role in cancer and depending on their phenotype can either promote or inhibit cancer progression. Simplified into two basic phenotypes, M1 macrophages with their cytotoxic potential are considered an "anti-tumor" phenotype whereas M2 macrophages associated with wound healing and tissue repair are typically regarded as the "pro-tumor" phenotype. (Pollard or Coussens ref?) For example in prostate cancer, several pathologic studies have shown that the presence of tumor-associated macrophages, typically of the M2 phenotype, strongly correlates with poorer outcomes potentially due to their powerful regulatory effects on an immune response.
Under normal inflammatory processes, macrophages interact with fibroblasts to promote wound-repair and, in cases of chronic unresolved infections, granuloma formation. This interaction is mediated by macrophage expression of regulatory factors including FGF, EGF and TGF-β, which promote the development of reactive stroma. [30] Cancer-associated fibroblasts, in turn, also express high levels of TGF-β [18] and GDF15 (also known as macrophage inhibitory factor) [17] which can influence the macrophage functional state to encourage a phenotype that promotes an immune inhibitory environment. The macrophage and fibroblast derived TGF-β also shapes the T cell response as TGF-β promotes the development of regulatory T cells which have been found in prostate cancer and correlates with worse survival. [31] The immunosuppressive microenvironment once established reciprocally supports the expansion of the reactive stroma through sustained production of growth factors and chemokines from the existing inflammatory cells that continually attract inflammatory cells. This cycle produces a microenvironment that supports cell growth in the guise of tissue repair and ultimately allows for the formation and progression of cancer. Ongoing studies have identified key players in the immune microenvironment of prostate cancer, which includes a wide diversity of immune cells from both innate and adaptive immunity.
Tumor-immune microenvironment in prostate cancer
The relationship between inflammation and prostate cancer Inflammation has long been linked to the development of prostate cancer and it has been long recognized that chronic inflammation is associated with both benign as well as malignant prostate tissue. [32] Histologic studies have found that 80-90% of prostate cancer specimens had signs of immune infiltrate and, further, that high-grade disease was associated with increased inflammation. [33] Chronic inflammation with its persistent, ongoing immune response is thought to contribute to development and progression of many cancers including prostate cancer. [34, 35] The etiology of chronic inflammation in the prostate remains unclear, but recent evidence suggests that ongoing genotoxic stress from DNA damage occurring during the process of carcinogenesis and exposure to the microbiota? in the urinary tract may be important contributors. [36] The composition of the immune infiltrate varies widely with disease stage and patient age, but cells of both the innate and adaptive immune system have been identified within prostate stroma. The majority of the immune infiltrate consists of CD3+ T cells (70-80%, largely CD4+ T cells), CD20+ B cells (10-15%) and macrophages (10-15%) [37] , but many other immune cell types have also been identified. Novel agents designed to enhance or inhibit the different innate immune cells are now being tested and in part through these studies we are just beginning to understand the complex role these cells play in prostate cancer progression.
Innate immunity and prostate cancer
Innate immune cells are cells of the immune system that can respond to foreign antigens, but do not develop antigen-specific recognition receptors such as the T or B cell receptors. They regulate the nature and duration of immune responses as a whole by controlling when and how an inflammatory response is initiated and terminated. Many of the innate immune cells also participate in the repair of immune damaged tissue and the return of an organism to its homeostatic state. The major innate immune cells include macrophages, dendritic cells (DC), natural killer (NK) cells, granulocytes (neutrophils, basophils and eosinophils) and mast cells. As many consider cancer a state of aberrant inflammation, it is not surprising that many of the innate cells have been implicated in the development and progression of cancer ( Figure 1 ). With its links to chronic inflammation, innate immune cells and their numbers, particularly macrophages, dendritic cells, mast cells and NK cells have been correlated with patient outcomes. Furthermore, animal studies have revealed that targeting these cells may improve responses to both traditional cytotoxic therapies as well as newer immunotherapies.
As discussed in the previous section, in prostate cancer, like other tumors, most, but not all studies of pathologic specimens [38] , find that higher numbers of tumor-associated macrophages correlate with worse prognosis. [39] Additionally, in these studies the M2 phenotype in the macrophages are associated with higher stage tumors and higher Gleason scores. [40, 41] Interestingly, M2-macrophages are thought to also drive other stromal elements, in particular fibroblasts as described above by enhancing the conversion of quiescent fibroblasts to activated myofibroblasts (aka carcinoma-associated fibroblasts), which synergize to promote prostate carcinogenesis. [42] Targeting macrophages using CSF1-inhibitors to block macrophage migration in murine models of prostate cancer restored sensitivity to androgen blockade [43] and improved the efficacy of radiation therapy. [44] Macrophages may also play an important role in metastatic disease as a recent study of metastatic patients following docetaxel demonstrated increased circulating macrophageassociated cytokines in patients with progressive disease. [45] Thus, for prostate cancer, macrophages appear to largely support the development and progression of disease and strategies aimed at reducing macrophage numbers have shown early efficacy in murine models highlighting the potential for human trials.
Natural Killer (NK) cells, innate lymphocytes that respond rapidly to viral infections and other pathogens by recognizing altered or infected cells, play a large role in immune surveillance for multiple types of cancers including skin, breast and melanoma. They have cytotoxic activity against tumor cells and function to regulate the activity of other immune cells through their secretion of important inflammation-initiating cytokines and chemokines.
Murine models have demonstrated that alterations in NK numbers or activity leads to increased prostate cancer progression and metastases. [46] This was corroborated in patients where increased numbers of CD56+ NK cells in prostate tumors after androgen deprivation therapy was associated with improved prognosis, whereas a low density of CD56+ NK cells predicted for seminal vesicle invasion. [47] Other groups have also found in metastatic prostate cancer patients that higher NK cell activation and cytotoxicity correlated with longer time to castration resistance and improved overall survival. [48] Thus, current data suggests that, like many other cancers, in prostate cancer NK cells serve an important role in reducing the progression of disease and improving the response to therapy.
Other innate cells that contribute to the regulation of prostate cancer include mast cells and neutrophils. Mast cells, tissue resident inflammatory cells that protect against parasites and bacteria through their early production of immunoregulatory cytokines, have been found in prostate cancer and higher numbers of tumor associated mast cells appear to inhibit tumor progression and predict better prognosis, [49, 50] though their role remains controversial as they also appears to be critical mediators of early prostate cancer development through their production of the pro-angiogenic, pro-tumor molecule matrix metalloproteinase 9 (MMP-9).
[51] Neutrophils, key early mediators of the innate immune response, appear to correlate with decreased incidence of prostate cancer and better response to therapy in the metastatic setting. [52, 53] However, neutrophils, like mast cells, can serve as source of MMP-9, which was similarly shown to contribute to disease progression in prostate cancer.
In sum, macrophages [54] , neutrophils [55] and mast cells [56, 57] mostly exhibit pro-tumor qualities whereas natural killer (NK) cells [58] appear to have an anti-tumor effect though the precise effect of each cell type can differ depending on the stage and grade of the disease and much work remains to be done to fully elucidate the role of these cells play in cancer progression.
Adaptive immunity and prostate cancer
The adaptive immune system consists of the T and B lymphocytes and serves as the end result of most immune responses, with these lymphocytes producing a powerful response consisting of cytotoxic cells, cytokines and antibodies that in a normal immune response work to clear an organism of a foreign antigen and produce lasting immunity ("immunologic memory"). Evidence of existing immune recognition by the adaptive immune system in prostate cancer has been identified in patients with prostate cancer where studies of their circulating T cell specificity show existing memory T cell responses against prostate-specific antigen and prostatic acid phosphatase. [59] Fitting with their diverse phenotypes, T and B cells play a complex role in the development and progression of cancer as both promoters of cancers and critical components of the anti-tumor immune response. [25] In prostate cancer, analysis of the tumor infiltrate revealed that the presence of high numbers of T cells or B cells predicted worse capsular and perineural invasion. [60] More specifically, increased numbers of CD4+ or CD8+ T cells correlated with worse biochemical failure-free survival as well as prostate cancer specific survival. [60] [61] [62] A significant number of these infiltrating T cells appear to be CD4+CD25+FoxP3+ regulatory T cells [63, 64] which are also elevated in the circulation of patients with prostate cancer. [65, 66] Not only do these elevated numbers of regulatory T cells predict worse survival, they also predict for worse response to immunotherapies including vaccines and anti-CTLA4 blockade. [59, 67] Thus, for prostate cancer, T cell infiltrates in general appear to predict for worse survival likely due to the fact that many of the infiltrating cells appear to be T lymphocytes with regulatory activity.
B cells have been implicated in driving the progression of cancer in murine models and regulating the response to therapy through their influence on macrophages. [68, 69] Prostate cancers are highly enriched in B cells, the presence of which positively correlates with higher grade and higher risk of recurrence [70] , though previous histologic studies have suggested that B cells present in lymph nodes may be more important than intratumoral B cells. [71] Mechanistically, murine models of prostate cancer have shown that B cells recruited by the chemokine CXCL13 into prostate cancer tumors promote the progression of castrate-resistant prostate cancer by producing lymphotoxin, which activates an IκB kinase α (IKKα)-BMI1 module in prostate cancer stem cells. [72] Additionally, recent murine studies revealed that immunosuppressive B cells could mediate chemotherapy resistance through the production of the immunosuppressive cytokine IL-10 and expression of the inhibitory ligand PD-L1. [73] Thus, emerging evidence suggests that B cells appear to contribute to prostate cancer progression and treatment resistance in murine models, but further studies in mice and patients are required to fully elucidate which B cell subsets and phenotypes are contributing to progression.
In sum, multiple lines of evidence have revealed that the stromal and immune components found in prostate cancer contribute to the development and progression of disease. However, many questions still remain about how these otherwise normal cells are co-opted to produce a favorable environment for the development of malignancy (Figure 1 ). Recent mechanistic studies have begun to shed light on this question, with the identification of specific populations of cancer and immune cells and associated secreted factors in the cancer microenvironment that are capable of shaping a favorable tumor microenvironment that allows cancer cells to overcome anti-tumor immunity and culminates in enhanced tumor growth and metastasis.
Tumor cell regulation of the microenvironment Circulating Tumor Cells (CTC) reprogram the local microenvironment to permit prostate cancer metastasis
Metastasis is a highly inefficient process. With the accelerated growth rate of many tumors, it has been increasingly recognized that millions of tumor cells are constantly shed from the primary tumors into the bloodstream and lymphatics detectable as circulating tumor cells (CTC). Given the high number of CTCs and the frequency of clinically apparent metastatic disease the actual rate of cancer cell colonization at metastatic sites appears to be extremely low. In order for CTCs to become metastatic sites of colonization, they must survive travel through the circulation which includes shear stress and deprivation of ECM-derived survival signals in the vasculature. [74] Further, in order to become metastatic lesions in distant organs, cancer cells undergo an EMT process to acquire accelerated growth, enhanced survival and increased motility. Finally, once cancer cells arrive at sites of metastases they have to co-opt the resident stromal cells to generate a permissive microenvironment [5] . EMT and survival of CTCs in the circulation have been reviewed extensively elsewhere [75, 76] and so here we review recent developments in how tumor cells alter the microenvironment to allow for development of metastases.
Studies in xenograft murine models with human prostate cancer cells showed efficient growth, survival and colonization of prostate cancer cells at metastatic sites becomes possible when metastatic sites also contain a cluster of specialized cells known as metastases-initiating cells (MIC). MICs do not appear to be classic tumor-initiating or tumor stem cells because they have the ability to recruit and reprogram non-tumorigenic prostate cancerous and non-cancerous epithelial and stromal cells to participate in cancer metastasis. [77, 78] A portion of circulating CTCs are MICs and they can also be found in primary prostate cancer tissues. [48, 79] Histological analysis revealed that the ratio of MICs to other non-MICs and stromal cells in primary prostate cancer tissues predicts patient survival [48] . Interestingly, when CTCs were ex vivo expanded with MICs and reimplanted in immunodeficient mice, the mice grew more tumors. Further, when co-cultured with naïve CTCs, MICs co-opt those CTCs to express MIC phenotype. MICs can travel as single cells or as clusters, often referred to as circulating tumor microemboli (CTMs), that also contain dormant tumor cells ("bystander cells"). Patients with advanced disease, in particular, have increased numbers of CTMs possibly containing MICs and bystander dormant prostate cancer cells [74, 80, 81] When examined ex vivo, these CTMs have increased survival, metastatic potential and resistance to therapeutic intervention when compared with isolated CTCs [74, 82] . Thus, it is hypothesized that CTMs comprised of unique populations of CTCs and MICs may be a major source of early metastatic deposits. Once lodged these CTMs thrive as metastatic lesions and continue to grow through recruitment and reprogramming of resident and circulating cells. Using a murine model of prostate cancer Kim et al. discovered self-seeding tumor metastases in which additional circulating cancer cells were recruited to and colonized pre-existing tumor deposits conferring enhanced tumor growth. [83] It is increasingly evident that malignant cancer cells are capable of recruiting and transforming normal or non-tumorigenic cells to serve as active "co-conspirators" to promote in tumorigenesis, evade immune surveillance and develop distant metastasis. [5, 25, 83] In order to further explore the mechanism by which malignant cells exert effects on other cells in the tumor microenvironment, our group genetically tagged prostate cancer cell lines that overexpress RANKL to isolate MICs that are capable of recruiting bystander dormant cells to participate in the metastatic process allowing the formation of bone and soft tissue metastases. [78] We found that MICs reprogrammed and transformed the recruited non-tumorigenic bystander epithelial cells in the tumor microenvironment. These transformed cells acquired the tumorigenic and metastatic properties of MICs expressing elevated EMT, stem cell, and neuroendocrine genes through transactivation of cMyc/Max and AP4 via RANK receptor-mediated signaling. The interaction between MICs, CTCs and resident bystander dormant cells create a positive feedback cycle in the primary and at metastatic sites to maintain an aggressive pool of prostate cancer cells with programming that endows this pool of cells with increased migratory, invasive and metastatic capabilities. [84] The effect of MICs is wide ranging with in vitro studies of MICs cultured as 3-D organoids, recruited and reprogrammed multiple cell types with tumorigenic and metastatic potential including freshly harvested circulating CTCs, disseminated tumor cells (DTCs) from the blood and bone marrow of prostate cancer patients, as well as nontumorigenic dormant prostate cancer cells (DC-1), established from primary prostate cancer tissues. [79, 85] Interestingly, MICs derived naturally, designated as nMICs, from aggressive tumors, display EMT, stemness and neuroendocrine phenotypes and confer tumorigenic and metastatic potential to the naïve bystander prostate cancer cells [86] [87] [88] .
Examination of the recruited and reprogrammed prostate cancer cells revealed permanent genetic and cytogenetic changes within those cells [14] leading our group and others to speculate that MIC-reprogrammed bystander cells have global changes as a consequence of MIC-induced epigenetic modifications. In particular, we and others have observed alterations in the methylation status of specific gene promoters that encode transcription factors. Studies using low-dose 5-Azacytidine, which inhibits the DNA methyltransferase, demonstrated that expression of MIC-specific transcription factors in normal prostate epithelial DC-1 cells is regulated by changes in the methylation status of the promoters of critical regulatory transcription factors upstream of critical MIC proteins. [89] Closer examination of the transcription factors affected by MICs identified c-Myc as a key downstream regulator governing the activation of EMT, stemness and a neuroendocrine-like phenotype [79] suggesting that MIC-mediated reprogramming of normal prostate epithelial cells might involve transactivation of c-Myc. Additionally, expression of c-Myc was found to be up-regulated in the reprogrammed DC-1 cells by either experimental or nMIC cells. The hypothesis that MIC-mediated reprogramming depends on c-Myc was further tested by downregulating MYC using JQ1, a small-molecule inhibitor targeting the amino-terminal bromodomains of BRD4 [90] , an epigenetic factor required for transcription of MYC and its downstream targets. [91, 92] In our reprogramming model, we have shown that downregulating MYC with JQ1 treatments attenuated and abrogated the recruitment and reprogramming of DC-1 cells by nMIC cells. [93] In order to identify other changes that occur in reprogrammed cells, RNA-sequencing analysis was done in a 3-dimentional (3-D) co-culture model where nMIC reprogrammed DC-1 cells which further revealed, that, in addition to c-Myc, FOXM1, a proto-oncogene [94] was also upregulated. FOXM1 serves as a common central transcriptional regulator and activation of FOXM1 subsequently switches on many cell cycle-related downstream target genes, such as PLK1, CCNB1, BIRC5, AURKB, and CDK1. Interestingly, FOXM1 has been shown to play a role in epigenetic regulation where overexpression of FOXM1 can induce methylome reprogramming. Consistent with this concept, using primary normal keratinocytes, Hwang et al found that overexpressing FOXM1 "brainwashed" normal cells to adopt the methylome profile of cancer cells. [95, 96] Moreover, FOXM1 is also important in stem or progenitor cell expansion, which is believed to be involved in cancer initiation. [97] Therefore, combination treatment with small molecules of JQ1 and Siomycin A [98] that target MYC and FOXM1, respectively, might serve as a promising therapeutic strategy to prevent MIC recruitment and reprogramming of surrounding bystander cells halting cancer progression and metastasis (Figure 2 ).
In addition to identifying the downstream transcription factors in the reprogramming process, there has been much recent interest in understanding the method by which cancer cells communicate with the other cells within the microenvironment. As discussed briefly above, direct cell-to-cell contact and soluble factors have been previously identified, but there is emerging evidence that a significant portion of the communication between cancer cells and the non-malignant cells of the tumor microenvironment is mediated through extracellular vesicles.
Extracellular vesicles-mediated communication between cells: reprogramming at a distance
Extracellular vesicles (EV), circular membrane-enclosed particles, are secreted by various cell types, including tumor cells, cardiovascular cells, neuronal cells, immune and nonimmune cells in the tumor microenvironment. [99] EVs are heterogeneous ranging in size from 30 nm -10 µm and have different origins depending on the size. The best characterized EVs are exosomes/microvesicles, which are 30-150 nm particles derived from endosomal compartments called multivesicular bodies (MVB) and are released after fusion of MVBs with the plasma/cell membrane of viable cells [100] The next larger population of EVs are shed vesicles known as ectosomes, with sizes ranging from 100 nm to 1 µm. Ectosomes are formed from the budding of the plasma membrane which make cytoplasmic protrusions that later detach from the cell surface. [101] Finally, there are a recently described novel class of EVs called large oncosomes that are much larger in size than exosomes or ectosomes and range from 1-10 µm. These oncosomes are produced by shedding of non-apoptotic plasma membrane blebs [102] and were initially identified in prostate cancer cells that had oncogenic overexpression of MyrAkt1, HB-EGF, and caveolin-1 [103] or genetic silencing of the cytoskeletal regulator DIAPH3. [104, 105] EVs, particularly exosomes, have been demonstrated as a critical intercellular communication system for exchange of intracellular information between cells to influence physiological and pathological state of the recipient cells [106] . We and others have identified multiple signaling pathways affected by exosomes released from tumors that shape the microenvironment and promote the development of malignant cells.
Exosomes carry cargoes containing a variety of cytoplasmic proteins, nucleic acids, and lipids protected by a lipid bilayer, reflecting both the identity and internal condition of the cell of origin, but at the same time possessing some unique mixtures of genetic material. [107] Exosomes can 1) directly stimulate target cells by interaction with surface-expressed ligands [108] , 2) transfer membrane receptors between cells [109] , and 3) mediate the horizontal transfer of proteins and genetic information, such as mRNA, microRNA (miRNA), pre-miRNAs, and other non-coding RNAs between tumor cells. [107, [110] [111] [112] [113] Horizontal transfers of protein and RNA contents by exosomes have been implicated in inducing epigenetic reprogramming in target cells as demonstrated by Ratajczak et al. in which adult hematopoietic stem cells can be reprogrammed by exosomes derived from embryonic stem cells by up-regulating early pluripotent and hematopoietic stem cell markers and activating MAPK and Akt. [111] More recently, Melo et al. found that exosomes derived from breast cancer cells or patient serum contain miRNA processing machinery and proteins from the RNA-induced silencing complex (RISC) including Dicer, TRBP, and AGO2, which process pre-miRNAs into mature miRNAs. [114] These cancer-derived exosomes can reprogram non-tumorigenic epithelial cells to form tumors by efficiently silencing mRNA thereby altering the target cell transcriptome in a Dicer-dependent manner. [114] Similar observations have been made in our prostate cancer cell models where we identified elevated RANKL levels in exosomes derived from both experimental and nMICs. Examination of MIC-derived exosomes revealed that these exosomes have the capability to reprogram bystander DC-1 cells in both 2-D and 3-D culture systems by up-regulating MIC-specific genes and increasing the migration and invasion of DC-1 cells. This observation suggests that the reprogramming of dormant prostate DC-1 cells may be mediated by MIC-derived exosomes (Figure 2 ).
Exosomes have also been shown to regulate the tumor immune response, and depending on the cell of origin and the molecular composition of the exosomes, they may either stimulate or inhibit the immune response in the tumor microenvironment [115, 116] . Exosomes can stimulate an immune response by directly presenting MHC class proteins to T cells, indirectly transferring antigen or peptide-MHC complex to dendritic cells, directly activating natural killer cells and macrophages [115, 117] , or stimulating B cell activation and subsequent antibody production. [118] Conversely, exosomes may also suppress anti-tumor immunity by inducing apoptosis of activated T-cells and macrophages and preventing monocyte differentiation into dendritic cells. [119] Exosomes also support the generation of a suppressive tumor microenvironment by promoting increased numbers of immune suppressor cells, including myeloid-derived suppressor cells, regulatory T cells, and CD14 + , HLA-DR -/low tumor-associated macrophages. [116, 120] Thus, tumor-derived exosomes support a multitude of pro-tumor activities including oncogenic reprogramming, angiogenesis, and immune evasion. Exosomes exert their pro-tumor activity through direct signaling, but also can promote cancer progression and metastasis due to their unique membrane-bound biology which allows them to transfer genetic information among cells in the tumor microenvironment or over long distances by entering into the circulation. While we are just beginning to understand the biology of exosomes current evidence suggests that they are key mediators by which tumors regulate their microenvironment reciprocally and may serve as critical targets for future therapeutics.
Conclusions
Prostate cancer has long been associated with changes in the normal prostatic tissues consisting of a combination of inflammatory cells such as macrophages and T cells as well as a non-inflammatory cells composed largely of cancer-associated stromal fibroblasts. These inflammatory and non-inflammatory elements in the microenvironment work in concert to produce a stromal microenvironment that is conducive to prostatic epithelial growth and transformation leading to the development of cancer (Figure 1 ). While it has been well established that the tumor microenvironment can foster a pro-tumor milieu the precise mechanisms underlying the formation of an environment favorable to tumors and the means by which tumor cells and the stroma communicate remain elusive. Recent evidence from our lab and others have identified a new type of circulating tumor cell known as the metastasis-initiating cell which has the unique and powerful capacity to reprogram other cancer cells and normal tissues to produce a tumor microenvironment that enhances tumor growth and metastasis (Figure 2) . Further investigation and understanding of the complex relationships between tumors and their associated immune and non-immune microenvironment will provide insight into how tumors co-opt normal processed to further their progression and identify new targets for therapy. In response to secreted factors from MICs and stromal cells as well as molecules release from the extracellular matrix, bystander dormant cells in prostate cancer can undergo oncogenic reprogramming via epigenetic demethylation of MIC-associated gene promoters. This alteration of bystander cells is mediated by activation of RANKL, FOXM1, and c-Myc to promote prostate cancer cells to undergo EMT and develop enhanced stemness, neuroendocrine and invasive/metastatic phenotypes leading to prostate cancer progression and metastasis. Emerging evidence in the literature suggests that the immune microenvironment surrounding prostate cancer cells can also be modified by extracellular vesicles to either promote or block tumor growth depending upon the nature of the factors transferred. Future studies may reveal novel therapeutic opportunities.
